Theoretical molecular descriptors alias topological indices are a convenient means for expressing in a numerical form the chemical structure encoded in a molecular graph. The structure descriptors derived from molecular graphs are widely used in Quantitative Structure-Property Relationship (QSPR) and Quantitative Structure-Activity Relationship (QSAR).
INTRODUCTION
Theoretical molecular descriptors (also called topological indices) are graph invariants that play an important role in chemistry, pharmaceutical sciences, materials science and engineering, etc.
The value of a molecular descriptor must be independent of the particular characteristics of the molecular representation, such as atom numbering or labeling. We model molecules of hydrocarbons by the corresponding molecular graph, where the vertices are the carbon atoms and the edges of the graph are the bonds between them.
One of the most investigated topological indices is the Wiener index introduced in 1947 17 .
This index is defined as the sum of distances between all the pairs of vertices in a molecular graph. Wiener showed that the Wiener index is closely correlated with the boiling points of alkane molecules. In order to take into account also the symmetries of a molecule, Graovac and Pisanski in 1991 introduced the modified Wiener index 6 . However, the name modified Wiener index was later used for different variations of the Wiener index and therefore, Ghorbani and Klavžar suggested the name Graovac-Pisanski index 5 , which is also used in this paper.
Very recently, the Graovac-Pisanski index of some molecular graphs and nanostructures was extensively studied 1, 3, [7] [8] [9] 13 . Moreover, the closed formulas for the Graovac-Pisanski index of zigzag nanotubes were computed 14 . The only known connection of the Graovac-Pisanski index with some molecular properties is the correlation with the topological efficiency 2 . Therefore, it was pointed out by Ghorbani and Klavžar 5 that the QSPR or QSAR analysis should be performed in order to establish correlation with some other physical or chemical properties of molecules.
On the other hand, there is no known molecular descriptor well correlated to the melting points of molecules, since graph-theoretical abstraction in most cases disregards many information that are relevant for the value of the melting point 12, 15 .
The symmetries of a molecule play an important role in the process of melting 11 . The more symmetrical the molecules are, easier it is for them to stack together. Consequently, the fewer spaces there are between them and so the melting point is expected to be higher. Therefore, since the Graovac-Pisanski index considers the symmetries of a molecule, in this paper we investigate its correlation with the melting points of molecules.
We work with the data set of molecules proposed by the International Academy of Mathematical Chemistry, in particular alkane series, polyaromatic hydrocarbons (PAH's) and octane isomers. We show that for alkane series the melting point is very well correlated with the Graovac-Pisanski index and for PAH's the correlation is a little bit weaker. For octane isomers, the melting points are good correlated with the number of symmetries. However, we conclude that for alkanes the size of a molecule contributes the most to its melting point.
THE GRAOVAC-PISANSKI INDEX
A graph G is an ordered pair G = (V, E) of a set V of vertices (also called nodes or points) together with a set E of edges, which are 2-element subsets of V (more information about some basic concepts in graph theory can be found in a book written by West 16 ). Having a molecule, if we represent atoms by vertices and bonds by edges, we obtain a molecular graph.
The graphs considered in this paper are all finite and connected. The distance d G (x, y) between vertices x and y of a graph G is the length of a shortest path between vertices x and y in G (we
An isomorphism of graphs G and H with |E(G)| = |E(H)| is a bijection f between the vertex sets of G and H, f : V (G) → V (H), such that for any two vertices u and v of G it holds that if u and v are adjacent in G then f (u) and f (v) are adjacent in H. When G and H are the same graph, the function f is called an automorphism of G. The composition of two automorphisms is again an automorphism, and the set of automorphisms of a given graph G, under the composition operation, forms a group Aut(G), which is called the automorphism group of the graph G.
The Graovac-Pisanski index of a graph G, GP (G), is defined as
Next, we mention some important concepts of group theory. If G is a group and X is a set, then a group action φ of G on X is a function φ : G × X → X that satisfies the following: φ(e, x) = x for any x ∈ X (where e is the neutral element of G) and φ(gh, x) = φ(g, φ(h, x)) for all g, h ∈ G and x ∈ X. The orbit of an element x in X is the set of elements in X to which x can be moved by the elements of G, i.e. the set {φ(g, x) | g ∈ G}. If G is a graph and Aut(G) the automorphism
is called the natural action of the group Aut(G) on V (G).
It was shown by Graovac and Pisanski 6 that if V 1 , . . . , V t are the orbits under the natural action of the group Aut(G) on V (G), then
As an example, we calculate the Graovac-Pisanski index for one of the octane isomers, more precisely for 2-methyl-3-ethyl-pentane, see Figure 1 .
We do the calculation in two different ways. First, we calculate directly by the definition. There are all together 3 nontrivial (different from the identity) automorphisms of the considered molecular graph G:
Therefore, Now, we calculate the index by using orbits. The vertex set is partitioned into 5 orbits
and the Graovac-Pisanski index of 2-methyl-3-ethyl-pentane is calculated as
COMPUTATIONAL DETAILS
In this section we present an algorithm which was used to compute the Graovac-Pisanski index and the number of automorphisms of a graph. The algorithm contains two special functions, i.e.
calculateAutomorphisms and calculateDistances.
Let G be a graph represented by a adjacency matrix with vertices 1, 2, . . . , n. The function calculateAutomorphisms determines all the automorphisms of graph G and saves them in a set A. One possibility is to go through all the permutations of the set {1, 2, . . . , n} and check whether it is an automorphism. Note that for the graph automorphism problem (which is the problem of testing whether a graph has a nontrivial automorphism) it is still unknown whether it has a polynomial time algorithm or it is NP-complete 10 .
The function calculateDistances computes the matrix M from the adjacency matrix of G.
The element M i,j , i, j ∈ {1, 2, . . . , n} of M represents the distance between vertices i and j in G. Note that this algorithm is known as Floyd-Warshall algorithm 4 and has the time complexity
Algorithm 1: The Graovac-Pisanski index Input : Graph G with vertices 1, 2, . . . , n.
Output: GP (G) and |Aut(G)|
We notice that the time complexity of the algorithm is not polynomial if we go through all the permutations. However, for many chemical graphs the set of all the automorphisms of a graph can be easily obtained by hand. In such a case, we can skip the first line of the algorithm and consequently, it becomes much more efficient.
RESULTS AND DISCUSSION

Alkanes
In this section, we have 31 alkane molecules, which are divided into two sets. The training set contains 26 molecules and the test set has 5 molecules (in Table 1 the molecules in the test set are written in bold style).
The data show that a logarithmic function f (x) = a ln x + b fits the best among all elementary functions. After performing nonlinear regression on the training set, we obtain a = 34, 196 and b = 68, 575, see Figure 2 . Therefore, the following equation can be used to predict the melting points of the alkane series M P = 34,196 ln GP + 68,575. We use the above formula to compute the predicted melting point M P for every molecule from the test set, see Table 2 . From Table 2 we can see that the average error on the test set is less than 2%. Moreover, the statistics shows very good correlation since R 2 = 0,9847.
To conclude the section, we test the obtained formula on all the molecules from Table 1 and we   obtain Table 3 . We can see that the average error is around 4%. Figure 3 shows the comparison between the melting points and predicted melting points. 
Polyaromatic hydrocarbons (PAH's)
In this section, we consider 20 PAH molecules. In the first part, we divide these molecules into two sets (the training set contains 16 molecules and the test set has 4 molecules) and perform linear regression with respect to the Graovac-Pisanski index. In the second part, we improve the correlation by performing multilinear regression with respect to the Graovac-Pisanski index, the Wiener index and the number of automorphisms. The data for the PAH molecules is collected in Table 4 . The linear regression results in the function (see Figure 4) M P = 0,6501 GP + 10,926. We use the above formula to compute the predicted melting point M P for every molecule from the test set, see Table 5 . From Table 5 we can see that the average error on the test set is around 11%
and the statistics shows quite good correlation since R 2 = 0,8388.
To improve the correlation, we perform multilinear regression on the whole set of PAH's as described in the beginning of the section. It results in the formula M P = −46,248 + 13,038 (#Aut) + 0,446 GP + 0,235 W.
The regression statistics (multiple R is 0,946; R 2 is 0,894; adjusted R 2 is 0,874; and standard error is 30,665) shows better correlation than the linear regression.
octane isomers
As the last one, we consider the set of 14 octane isomers. However, all together there are 18 octane isomers, but for 4 of them, the data for the melting point was unavailable. We compute the Graovac-Pisanski index and the number of automorphisms for these molecules, see Table 6 .
It turns out that the correlation between the Graovac-Pisanski index and the melting point is not that good (R 2 is 0,2423), but there is good correlation (R 2 is 0,9687) between the number of automorphisms and the melting point, see Figure 5 . However, we can see that the data for 2,2,3,3-tetramethylbutane is standing out. If we exclude this molecule from our observation, the correlation between the number of automorphisms and the melting points becomes much weaker (close to zero), but the correlation between the Graovac-Pisanski index and the melting points becomes slightly stronger (R 2 is 0,4537). Therefore, we can conclude that the size of an alkane molecule contributes the most to its melting point. 
CONCLUSIONS
In recent years revived Graovac-Pisanki index was considered and calculated in different ways for some families of graphs, such as fullerene graphs or catacondensed benzenoid graphs, but almost no chemical application was known so far. In this paper we use the QSPR analysis and show that this index is well correlated with the melting points of the alkane series and polyaromatic hydrocarbon molecules. Beside that the connection between the number of graph automorphisms of the octane 
